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Abstract—We propose the optimal design of passive devices that 
can be used to verify on-wafer noise parameter measurement 
systems. The design principles result from obtaining the minimum 
relative uncertainties of four noise parameters: Fmin, Rn, |Γopt|, and 
∠Γopt for a wide range of S-parameters of a passive two-port 
network. A Monte-Carlo (MC) method has been used for the 
investigation and the simulation results show that |S11| plays a 
primary role in deciding the optimal design and must be within 0.5 
to 0.6. |S21| plays a secondary role in the design and ideally it should 
be as small as possible. Based on these findings, we designed and 
fabricated three planar attenuators on a semi-insulating GaAs 
substrate. The test results (at up to 40 GHz) show excellent 
agreement with the simulation. This is the first time that the effect 
of different designs of passive verification devices on the system 
noise measurement has been analysed and the design principles of 
optimal passive devices are given. 
 
Index Terms—Noise parameters, verification devices, mismatch 
attenuators, relative uncertainty, on-wafer measurement. 
 
I. INTRODUCTION 
OISE is one of the most important parameters for low-
noise transistors and amplifiers because the noise figure 
reflects how much additional noise is added to a signal when 
passing through such devices. The optimum noise performance 
of an active device does not necessarily happen at its minimum 
noise figure, which is normally measured on a 50-Ω test system, 
but depends on the source impedance. Therefore, the better to 
describe the noise property of a device three noise parameters 
(the minimum noise figure, Fmin, the noise equivalent 
resistance, Rn, and the optimum reflection coefficient, Γopt or 
four noise parameters if Γopt is written in the format of 
magnitude |Γopt| and phase ∠Γopt) are used as measures of merit 
[1]. We used four noise parameters throughout this work, unless 
specified otherwise. 
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Noise parameter measurements at microwave and 
millimetre-wave frequencies are challenging due to the low 
power levels involved and are extremely sensitive to small 
errors, especially for on-wafer measurements due to greater 
uncertainties arising from the probes and complications in 
uncertainty analysis and calculation [2], [3]. Therefore, it is 
essential to verify the test systems. The method of Simpson et 
al, is based on the traditional noise parameter measurement 
method: by measuring the noise figure for the source impedance 
change, they measured Fmin, Rn, and Γopt [4]. On the other hand, 
the work in [5] and [6] measures a noise correlation matrix and 
computes noise parameters Fmin, Rn, and Γopt. The method 
described here can be used for their verification irrespective of 
noise parameter measurement method used. 
Over the past fifty years, many verification methods have 
been developed but the majority are based on waveguide or 
coaxial connectors for packaged devices. Not until the early 
1990s on-wafer verification methods were developed. This is 
mainly due to the success in realising source tuning for the 
device under test (DUT) and advances in probing technologies 
[4]. 
For early verification methods, simple passive devices such 
as attenuators, couplers, and transmission lines were used [7], 
[8]. Frazer and Davidson developed a verification procedure 
using a simple lossy passive network [9], [10]. The verification 
method takes the advantage of the fact that the noise factor of a 
lossy circuit is equal to the inverse of the available gain of the 
network. In addition, the noise parameters of passive devices 
are easily linked to their S-parameters that can be traced to 
national standards available at national metrology institutes 
such as National Institute of Standards and Technologies 
(NIST). Escotte suggested either a “cold” FET or a Lange 
coupler as a passive verification device [11]. This is because 
these devices have similar input and output port matching to 
that of actual low noise transistors or amplifiers [12], [13]. 
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Later, Randa proposed the use of mismatched transmission 
lines with a reflection coefficient greater than 0.3 as verification 
devices. These mismatched transmission lines can be used to 
simulate a poorly-matched low noise amplifier (LNA) in a 
coaxial measurement system and provide a consistency check 
on the system [14]. For verification of an on-wafer noise 
parameter measurement system, a mismatched planar 
attenuator was developed [15]: this can represent the input 
impedance of a typical microwave transistor, however, it is 
believed that passive devices alone are insufficient to verify 
noise parameter measurement systems as they lack an effective 
excess noise ratio (ENR) [13]. Adamian [12] and Van den 
Bosch [13] proposed a verification method using active devices 
whose matching conditions are similar to that of the DUT. 
Active devices, however, require high stability in the test 
environment, especially under varying temperature and 
humidity, which is rarely achieved in inter-laboratory trials. In 
2011, Randa developed an improved verification method using 
passive and active devices in a cascade [14]. Some of the 
aforementioned issues can be overcome by using a hybrid 
passive-active verification device, however, the fact that the 
traceability problem for active devices remains unsolved, even 
at national metrology institutes, is a hindrance. So far, only 
passive devices can provide traceability even for hybrid passive 
and active devices in a cascade and are thus used for system 
verification. 
For the design of a passive verification device, unfortunately 
there is no detailed guidance on design principles available in 
the literature. Broadly speaking it is believed that a passive 
device should meet the following two requirements: 1) the input 
impedance of the verification device should be close to that of 
the DUT and 2) the uncertainty of the verification device should 
be less than that of the measurement systems. Randa suggested 
the reflection coefficient of the verification device should be 
greater than 0.3 without any proof thereof [14]. 
Here we propose design principles for passive verification 
devices for verifying any on-wafer noise parameter 
measurement systems [16], [17]. By using the MC method, we 
investigated the relative uncertainties of all four noise 
parameters and identified the range of S-parameters that a 
verification device should have. Based on this finding, we 
designed three planar attenuators with S-parameters within, and 
out of, the required range. The experimental results are 
consistent with the simulated results. 
The remainder of this paper is organised as follows: Section 
II contains details of the relationship between the four noise 
parameters and S-parameters of passive devices, Section III 
describes the MC model and simulation procedure for finding 
the optimal design parameters of the verification device, 
Section IV analyses the relative uncertainties of the simulated 
noise parameter variations with the S-parameters, Section V 
describes the fabrication of three planar verification devices and 
salient experimental results: the work is summarised in Section 
VI. 
II. NOISE PARAMETERS AND S-PARAMETERS 
The relationship between the four noise parameters and the 
S-parameter of any two-port passive network is widely 
available in the literature [16]-[19] and will not be repeated here. 
We only cite key equations for convenience of our discussion 
in this paper. According to Bosma’s noise wave theorem [1], 
under thermodynamic equilibrium the noise wave correlation 
matrix, C, of a two-port network can be written as 
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where kB represents the Boltzmann constant, Sij is the S-
parameter of the two-port network. The asterisk represents the 
complex conjugate. X1, X2, and X12 can be linked to the S-
parameters via the following equations: 
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where Ta represents the physical temperature, which is different 
from the standard noise temperature T0 i.e., 290 K, and 
considered as the ambient temperature of the two-port network 
in most cases. 
All four noise parameters can be derived in the more familiar 
IEEE representation as follows: 
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From (5)-(8), one can see that noise parameters are linked to 
the S-parameters of the two-port network, where T0 is the 
standard noise temperature (290 K in general) [15]. Since S-
parameters can be measured using a vector network analyser 
(VNA), the traceability of a verification device is ensured. This 
method has been widely used as an alternative to the 
conventional noise source-based noise parameter measurement 
method. 
III. THE MONTE-CARLO SIMULATION 
In Section II it is shown that the noise parameters of a passive 
two-port network can be calculated from its S-parameters. 
Based on this relationship, Randa analysed Type B uncertainty 
of coaxial and on-wafer noise parameter measurements using 
an MC method [20]. In this work we develop a similar MC 
simulation approach in which the S-parameters of a potential 
passive device and the relative uncertainties of the four noise 
parameters are the input and output parameters, respectively. 
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By investigating possible S-parameters, we find the minimum 
relative uncertainties of all noise parameters and then use the 
corresponding S-parameters to design practical verification 
devices. 
A. Description of the MC Model 
In the MC simulation, S-parameters for each verification 
device are the input parameters and are complex. Randa 
decomposed them into real and imaginary parts and 
investigated how Type A, Type B errors, and the correlations 
between the real and imaginary parts affect the overall 
uncertainty [21]: however, we will use both the magnitude and 
phase and real and imaginary of the S-parameters here. The S-
parameters can be written in the following format using Euler’s 
formula: 
( )ijijijijijij iMibaS  sincos +=+=                (9) 
where 
ijijij Ma cos=  is the real part and ijijij Mb sin=  is 
the imaginary part of the S-parameter Mij and ϕij (i, j = 1 or 2) 
are the linear magnitude and phase in degrees. The uncertainties 
of the real and imaginary parts of the S-parameters are linked 
to the magnitude and phase and their uncertainties using the 
uncertainty propagation formula are as follows: 
( ) ( )22 sincos  += MMa                (10) 
( ) ( )22 cossin  += MMb                (11) 
Substituting (9) to (11) into (5) to (8) causes the uncertainty in 
the S-parameters to propagate to the noise parameters from 
whence we derive the uncertainties of the noise parameters. The 
relative uncertainty of a noise parameter, ur, is defined by: 
( )
( )
( )
r
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u NP
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=
 
 
                (12) 
where NP represents any one of the four noise parameters. 
Please note that the standard uncertainty and estimate in (12) 
are derived from the S-parameters using the MC method [20]. 
Thus, we have S-parameters and their uncertainties as the input 
parameters of our MC simulation and the output parameters are 
the relative uncertainties of the noise parameters. 
B. Determining the Range of the Input Parameters 
There are nine input parameters, including four complex S-
parameters, and the temperature. We first examine the range of 
the S-parameters and the distribution of their uncertainties as 
the input parameters of the MC simulation. The sources of noise 
parameter uncertainty in any passive device lie in some physical 
parameters such as: ENR, cable length varying with 
temperature, S-parameters uncertainty, validity of assumptions, 
and so on [22]-[24] and are treated as a black box. Here, the 
interest lies in the range of the S-parameters and the distribution 
of their uncertainties rather than how the uncertainties are 
generated. 
To reduce the number of input parameters, we deliberately 
set S22 = 0. This assumption is appropriate as S22 exerts 
negligible influence on the noise parameters when less than 0.2 
[19]. In addition, we assume S21 = S12. This is true for all 
reciprocal two-port passive devices. Furthermore, we ignore the 
effect of temperature as it is assumed to be constant in this work. 
Thus, we only need to evaluate two parameters (S11 and S21) and 
their uncertainty distributions. Since S11 and S21 are complex we 
examine their magnitudes and phases individually. 
Regarding uncertainty distribution profiles of S11 and S21, 
Randa suggested on-wafer devices have higher uncertainties 
but similar uncertainty profiles to connectorised devices [19], 
we then refer to the uncertainty dataset for coaxial cable 
systems from Keysight [25]. 
1) S-parameter uncertainties 
For convenience we convert the maximum uncertainties 
from decibel to linear measures and re-plot them (Fig. 1) [26]. 
From Fig. 1 one can see that the magnitude uncertainties of S11 
and S21 increase monotonically as the magnitudes of S11 and S21 
increase. On the contrary, the phase uncertainties of both S11 
and S21 behave differently. The uncertainty of ∠S11 decreases 
rapidly while |S11| is small and then tends to be stable as |S11| 
continues increasing (Fig. 1a); however, the uncertainty of ∠
S21 remains constant for all |S21|. This can help us to choose the 
range of input parameters for our MC simulation. For example, 
the uncertainties of phase for S11 and S21 keep constants no 
matter what their values are once their magnitudes are 
determined. Therefore, arbitrary phase can be selected and the 
corresponding uncertainty for phase is adopted according to the 
determined magnitude to reduce the number of input variables 
for the simulation. 
 
(a) 
 
(b) 
Fig. 1 The maximum uncertainties of magnitude and angle of S11 and S21, at 
frequencies between 1 GHz and 40 GHz, of a coaxial S-parameter measurement 
system [25]. For convenience we convert the maximum uncertainties of 
magnitude of S11 and S21 from decibel to linear measures.  
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2) Determining the range of |S11| and |S21| 
The ranges of |S11| and |S21| are limited by the physical and 
logical constraints of the on-wafer passive two-port network 
and can be determined by the following equations: 
|S11|2 + |S21|2 ≤ 1        (13) 
Fmin > 0 dB          (14) 
|Γopt| ≤ 1          (15) 
We thus plot Fmin and |Γopt| for various |S11| and |S21| in Fig. 2. 
The blue dotted curves corresponding to (13) establish upper 
boundaries of all possible combinations of |S11| and |S21|. One 
can also notice (Fig. 2) that Fmin (dB) ≈ −S21 (dB) when |S11| 
approaches 0 (Fig. 2a) and |Γopt| ≈ |S11| when |S21| approaches 0 
(Fig. 2a). These two factors are useful when choosing Fmin and 
|Γopt|. 
C. Probability Distributions of |S11| and |S21| 
The probability distributions of the input parameters |S11| and 
|S21| are required for the MC simulation. Since both the real and 
imaginary parts of the S-parameters have Gaussian distributions 
[27], we use the standard deviation of the real and imaginary 
parts of the S-parameters [19], [20].  
D. MC Simulation 
We put probability distribution profiles and possible values 
of |S11| and |S21| as input variables to the MC model and conduct 
simulations at a number of frequencies and observe the output 
relative uncertainties of the noise parameters. The procedure is 
as follow: fix |S21| to a value starting from 0.1 and conduct the 
simulation for |S11| from 0.1 to 0.9 with steps of 0.1. Once 
finished, move to next available value of |S21| with an increment 
of 0.1 and repeat the simulation for all |S11|. This is repeated 
until all possible |S11| are simulated. 
IV. SIMULATED RESULTS  
Fig. 3 shows the MC simulated relative uncertainties of the 
four noise parameters. As shown in Fig. 3a, the relative 
uncertainty of Fmin increases as |S21| increases for each |S11|. In 
addition, the relative uncertainty also increases as |S11| increases; 
however, for |S11| < 0.7 and a majority of |S21| the relative 
uncertainty is less than 5%. Based on these observations, we 
can limit |S11| ≤ 0.6 and |S21| ≤ 0.9 for low uncertainty Fmin. 
Fig. 3b shows the relative uncertainty of Rn for all possible 
combinations of |S21| and |S11|. One can see similar trends for the 
relative uncertainty of Rn to that of Fmin, therefore, we can 
conclude that, for better performance of Rn, |S11| and |S21| should 
both be less than 0.6. 
Figures 3c and 3d show the relative uncertainties of |Γopt| and 
∠Γopt. For |Γopt|, the relative uncertainty increases as |S21| 
increases for all |S11| however 0.5 ≤ |S11| ≤ 0.6 gives the 
minimum relative uncertainty. For ∠Γopt although the relative 
uncertainty remains relatively flat for all |S21| at all |S11|, again 
0.5 ≤ |S11| ≤ 0.6 gives the minimum relative uncertainty. 
According to the aforementioned observations we can infer 
optimal design principles for a passive verification device 
(Table I). As |S11| has a significant effect on all four noise 
parameters, and it would be better if it were between 0.5 and 
0.6, to achieve the lower relative uncertainties for all four noise 
  
 
 
 
 
 
 
 
 
 
 
  
(a) 
  
(b) 
Fig. 2 Possible values of |S11| and |S21| for any passive device as a verification 
device and the corresponding (a) Fmin and (b) |Γopt| according to (13)-(15). 
 
Fig. 3 MC simulated relative uncertainties of noise parameters.  
TABLE I 
DESIGN PRINCIPLE OF THE PASSIVE VERIFICATION DEVICE 
Parameter 
Design principle 
|S11| |S21| 
Fmin ≤ 0.6 ≤ 0.9, and the smaller, the better 
∠Γopt [0.5, 0.6] ≤ 0.6, and the smaller, the better 
|Γopt| [0.5, 0.6] ≤ 0.6, and the smaller, the better 
Rn ≤ 0.6 ≤ 0.6, and the smaller, the better 
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parameters. |S21| also influences all noise parameters but should 
be treated as a secondary consideration, and the smaller, the 
better. 
To verify the simulation results, we have fabricated three 
attenuators and two of them are outwith the required range and 
the third one is within optimal design conditions. We will show 
the design and realisation of the attenuators and discuss the 
experimental results in the next section. 
V. EXPERIMENTAL RESULTS 
To verify the design principles, we designed three planar 
attenuators: 
ATTEN1: |S11| = 0, |S21| = 0.71 (−3 dB), |S22| = 0; 
ATTEN2: |S11| = 0.3, |S21| = 0.1 (−20 dB), |S22| = 0; 
ATTEN3: |S11| = 0.6, |S21| = 0.18 (−15 dB), |S22| = 0. 
The verification devices were fabricated on a 500-µm-thick 
semi-insulating GaAs substrate. The substrate has a nominal 
dielectric constant of 12.9. 0.5-µm thick gold is used as a 
conductor and 33-nm thick Nichrome, which gives 50 Ω/square, 
is used as the resistor film. Photolithography and a standard lift-
off process were used to develop the devices. Table II illustrates 
the nominal properties and tolerances of the materials and 
fabrication process. A coplanar-waveguide (CPW) line with a 
nominal characteristic impedance of 50 Ω has the following 
features: the width of the signal line, the gap between the signal 
and the grounds, and the width of the grounds are 64 µm, 42 
µm, and 300 µm, respectively. Micrographs of the fabricated 
verification devices are shown in Fig. 4. Along with the 
verification devices, multiple CPW transmission lines (TMLs) 
with various lengths including 500 µm, 2685 µm, 3750 µm, 
7115 µm, 20,245 µm, and an offset short (275 µm) have also 
been fabricated on the same substrate. The multiple CPW 
TMLs are used for system calibration and the calibration 
method is multiline TRL. 
Fig. 5 illustrates the on-wafer S-parameter measurement 
system which includes a semi-automated probe station from 
Cascade Microtech, Inc., and a 50 GHz Vector network 
analyser (VNA) from Keysight Technologies. As mentioned 
previously the multiline TRL calibration method is used for 
system calibration at 1 GHz, 26.5 GHz, and 40 GHz. 
Measurement uncertainties were estimated using Microwave 
Uncertainty Framework (MUF) from NIST. The framework 
makes it easy to construct models for calibration standards and 
automates the calculation of uncertainties with both a 
conventional linear sensitivity analysis and an MC analysis 
capable of propagating uncertainties through non-linear models 
[28]. The MUF is based on propagating changes in physical 
model parameters through the entire modelling process, and 
post-processing steps, to the final result. Corrections are 
included through the entire process, allowing the inclusion of 
Fourier, and other complex, transforms during data processing. 
Entities are also provided for including measured errors, and for 
assessing reproducibility errors from different experiments. 
We have implemented the VNA the Uncertainty Calculator 
from the MUF to calculate measurement uncertainties and 
uncertainty of the verification devices using the multiline TRL 
Orthogonal distance-regression algorithm [29]. All major 
parameters for the calculations are summarised in Table II. We 
also take into account the ambient temperature which is 296.15 
K with an uncertainty of 1 K. Finally, we bring all uncertainties 
into the MC model described in Section III and plot the results 
in Figures 6 and 7. From the results: 
1) The relative uncertainty of Fmin increases slightly with 
frequency, i.e., by 2.7%, 3.2%, and 4.3% at 1 GHz, 26.5 GHz, 
and 40 GHz, respectively. In addition, the relative uncertainties 
of Fmin for all three devices are insensitive to changing 
reflection coefficient. 
2) The relative uncertainty of Rn has a similar trend to that of 
    
(a)                                                (b) 
 
(c) 
Fig. 4 Noise parameter verification devices. (a) Matched 3 dB attenuator. (b) 
Mismatched 15 dB attenuator with a reflection of 0.6.  (c) Mismatched 20 dB 
attenuator with a reflection of 0.3. 
 
Fig. 5. On-wafer S-parameter measurement system.  
TABLE II 
PARAMETERS OF THE MATERIALS AND FABRICATION PROCESS FOR 
UNCERTAINTY CALCULATION IN MUF 
Parameter Nominal Value Tolerance 
Gold geometries 0.5 µm 0.01 µm 
GaAs thickness 500 µm 10 µm 
Metal conductivity 4.1×107 S/m 4.1×105 S/m 
GaAs dielectric constant 12.9 0.2 
Other length N/A 0.5 µm 
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Fmin and the relative uncertainties of all three devices are similar 
and approximately 5% or less. 
3) The relative uncertainties of ∠Γopt and |Γopt| for the 
devices with a reflection coefficient of 0.3 and 0.6 are less than 
3%; however, the matched device has extremely high relative 
uncertainties for both ∠Γopt and |Γopt|.  
The experimental results match the simulated results as 
shown in Fig. 3. In addition, we also measured the three 
attenuators using a noise parameter measurement system from 
Maury and Keysight for frequencies between 20 GHz and 42 
GHz. The measured noise parameters (solid lines) and the 
calculated noise parameters (the discrete points) from this work 
for the three planar attenuators are coplotted in Fig. 8. One can 
notice that the attenuator with S11 equal to 0.6 has close match 
for all noise parameters but other attenuators do not, especially 
for ∠Γopt. These results also validate our previous conclusion 
on the optimal design principles for two-port passive 
verification devices. 
VI. CONCLUSION 
We have developed design principles of optimal passive 
verification device for verifying noise parameter measurement 
systems using an MC method. By examining the minimum 
relative uncertainties of all four noise parameters, S-parameters 
of the optimal verification device have been decided. It has been 
found that |S11| is the primary deciding factor in such a design 
and has to be between 0.5 and 0.6; |S21| is the secondary factor 
and should be as small as possible. These design criteria ensure 
all four noise parameters have less than 5% uncertainty. To 
prove the design principles, three CPW-based attenuators with 
different |S11| within, and outwith, the optimum design principle 
regions were fabricated. The measurement results show 
excellent agreement with the simulation. This is the first time 
that the design principals for passive verification devices have 
been quantified. The design principles can be used for 
developing both connectorised and on-wafer verification 
devices. This work has also laid a foundation for more robust 
composite passive-active verification devices in the future. 
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